Nitrous oxide is frequently used as a self-pressurizing propellant in hybrid rocket propulsion systems. To study the behavior of these self-pressurized propellant tanks, two different pressure vessels with optical access have been developed that can be filled with nitrous oxide and drained in a way that replicates the conditions of a hybrid rocket motor firing. Carbon dioxide was used as a simulant fluid for nitrous oxide to mitigate explosion and environmental hazards. High speed cameras are used to visualize the internal flow and identify boiling, condensation, and liquid level motion while pressure and temperature sensors are used to determine the thermodynamic state within the tank. Tests have identified two separate temporal regimes that are common to all tests, a transient and steady state, each described by distinct features. The transient regime is characterized by a rapid pressure drop and recovery, with homogeneous condensation of the ullage and heterogeneous nucleation and growth of bubbles in the liquid. The steady state regime begins when a large population of bubbles has been formed in the liquid and a balance is established between nucleation of new bubbles and death of bubbles as they reach the free surface and transfer their mass to the ullage. During this steady state regime the liquid and vapor are both homogeneous two-phase mixtures and the pressure drops in a linear fashion as the liquid drains from the tank. Also presented in this paper are the results of tests of parameter variations, including flow rate, fill level, temperature, initial bubble population, and scaling effects. The same basic features are present in each of these tests.
Nomenclature

I. Introduction
A common oxidizer used in hybrid rockets is nitrous oxide. Thermochemically its performance is similar to hydrogen peroxide or nitric acid but operationally it is simpler to use as it is non-toxic, requires little or no thermal control, and has few chemical compatibility problems with metals. Additionally, nitrous oxide's vapor pressure at standard conditions is high enough that often an external pressurization system is unneeded.
In this configuration it is known as a self-pressurizing propellant and has the advantage of reducing propulsion system complexity and inert mass by eliminating pressurant tanks, regulators, and valves. A significant drawback to using nitrous oxide in this way is that modeling the feed system behavior with time is quite difficult. As a tank of self-pressurized nitrous oxide is drained heat and mass transfer occur between the liquid and vapor phases in various forms, including diffusion, convection, boiling, condensation, and evaporation. These various processes determine the evolution of the tank pressure with time as well as the temperature and density of the fluid flowing out to the injector, hence if they are not all correctly accounted for the oxidizer flow rate cannot be accurately predicted. As an example of the behavior of these systems, a pressure trace from a hybrid rocket motor test firing using nitrous oxide as a self-pressurizing propellant is shown in figure 1 .
The primary features of figure 1 are typical of self-pressurizing propellant tank dynamics: a steep drop followed by a short increase, then a linear drop towards a sharp cusp. The cusp (at t = 8.7s here) is the point when no liquid remains in the tank and only vapor flows out. Gas-only flow out of the tank can be an undesirable situation due to the hazards of nitrous oxide decomposition events 2 and therefore motor firings are often terminated when the liquid has been expended.
Several groups have developed models for nitrous oxide tank dynamics. This includes Zakirov & Li, 3 Whitmore & Chandler, 4 Zilliac & Karabeyoglu, 5 and Casalino & Pastrone. 6 However, these models are based on conflicting physical assumptions and often have limited accuracy making it unclear which model (if any) is valid for a given system. This is exemplified in figure 2 , where the experimental data shown in figure 1 are compared with the predictions of three models. To shed light on the mystery, experiments were performed by the authors (Zimmerman et al 8, 9 ) with a subscale transparent polycarbonate propellant tank that enabled video measurements of the interior flow field as the tank is drained. Those experiments were instrumental in identifying some of the basic heat and mass transfer mechanisms underway within the tank, including condensation of the ullage and boiling of the liquid starting from the base of the tank. However these tests also raised new questions that were unanswerable due to limitations with the experimental setup:
1. A low resolution camera and polycarbonate with poor optical clarity made it impossible to discern small features.
2. The polycarbonate was held by end caps that sealed on the outside diameter of the tube, thereby obscuring the top and bottom of the tank from view and making it impossible to determine if bubbles were originating on the surfaces of these end caps or within the exit flow tubing.
3. The temperature and pressure were measured only at the tank exit, with no knowledge of the temperature and pressure fields within the tank.
4. The flow out of the tank was metered with a needle valve that had poor repeatability and would become blocked with solid CO 2 or N 2 O at low flow rates, limiting the range of flow rates that could be tested. The flow rate out through this valve is also difficult to model when compared with a simpler restriction such as an orifice or nozzle.
5. Few system parameters could be controlled.
To overcome these issues and to explore other features of self-pressurized propellant tank dynamics, two new experimental systems have been developed and this paper will present the results of some tests with these new systems. These results are broken into two sections: first, a thorough description of a typical experiment is given in order to highlight the new insights gained from the advancements in the experimental system. Then, the effect of parameter variations is discussed in order to understand their effects on the overall dynamics of the system. This work is an excerpt of the author's thesis and further details can be found there. 
II. Carbon Dioxide as a Simulant for Nitrous Oxide
While nitrous oxide is the propellant of interest, using it in a laboratory setting can be difficult. The primary reason is nitrous oxide's positive heat of formation that enables it to decompose exothermically, a reaction that can cause explosions within propellant tanks and feed lines.
2 Although the reaction rate for N 2 O decomposition is approximately 10 4 smaller than that for H 2 O 2 , these explosions have previously been observed in rocket propulsion systems and have even caused fatalities. As a result, due to the potential hazard to personnel it is unfeasible to perform tests with N 2 O in a university laboratory not designed for work with materials that present explosive hazards.
An additional concern is caused by the venting of N 2 O to the atmosphere that occurs during propellant tank testing. This is in contrast to use in a rocket motor where it would react with the fuel and exit the motor mostly in the form of species like N 2 , CO 2 , and H 2 O. Unfortunately nitrous oxide is a potent greenhouse gas and thus venting in this way presents environmental concerns. For a 100-year time horizon, nitrous oxide has 310 times the global warming potential of carbon dioxide and 15 times that of methane. 10 To illustrate, this implies that venting a cylinder containing 25 kg of nitrous oxide to the atmosphere has approximately the same impact as burning 3000 L of gasoline.
For all testing of nitrous oxide systems that do not involve combustion, it would be advantageous to work with a simulant fluid that has similar thermodynamic and transport properties but is neither an environmental or explosion hazard. Carbon dioxide is such a chemical and also carries the added benefit of extremely low cost. Carbon dioxide's thermodynamic and transport properties are quite similar to those of nitrous oxide as shown in figure 3 , where a sampling of these properties are compared between the two fluids. Most of these properties show variations of less than 10% and only three show variations larger than 20% suggesting that the two fluids will behave similarly as self-pressurized propellants. However without an accurate model for self-pressurizing propellant tank dynamics it is impossible to assess how similarly they will behave and how accurate results with CO 2 could be used to predict results with N 2 O. Therefore experimental data must be used. In a previous work 9 comparison experiments using CO 2 and N 2 O in the polycarbonate test vessel were performed. The key conclusion from that work was that CO 2 produced nearly identical results to tests with N 2 O except when a "geysering" phenomenon occurred. In these cases, a single large Taylor bubble would form in the tank spanning the entire diameter and rising very slowly. This Taylor bubble appeared to affect the general bubble nucleation dynamics and had a minor but noticeable effect on the pressure time history. This behavior was not observed with nitrous oxide and thus any experiments that show geysering should not be used in any work whose goal is to understand N 2 O tank dynamics.
All the data presented in the current work were obtained with carbon dioxide. Geysering was observed in tests with the quartz tube system but not with the flat glass gauge. Tests that showed geysering were not included in this work and future work will include comparison tests with N 2 O to verify the results.
III. Experimental Systems
For this work, two separate experimental systems have been developed based around the concept of a pressure vessel with optical access that can be filled with CO 2 and drained in a way that replicates the conditions of a hybrid rocket motor firing. One is a thick-walled quartz tube with a 25.4 mm internal diameter while the other is a flat glass gauge that combines a ∼50 mm internal diameter steel tube with narrow flat glass windows on two opposite sides. To increase operational simplicity the video, data acquisition, control, and feed systems are all nearly identical for both systems and therefore features common to both systems will be discussed first but in subsequent sections the details specific to each will be covered.
Data acquisition: All temperature measurements were made with exposed junction T type thermocouples from Omega Engineering, Inc. (TMQSS-062E) and a Measurement Computing USB-2416 data acquisition board, with a net uncertainty of approximately 0.9°C. This uncertainty combines the thermocouple accuracy and accuracy of the data acquisition board but does not include effects related to conduction errors or thermal inertia (time response). Pressure measurements were made with Measurement Specialties MSP-600 series pressure transducers and a National Instruments USB-6210 data acquisition board, with a net uncertainty of approximately 45 kP a. Sample rates for both boards were identical, at 90 Hz for the flat glass gauge and 170 Hz for the quartz tube systems. The low sample rate was a limitation of the thermocouple data acquisition board, however previous experimental work with higher sample frequencies did not reveal any behavior of interest at higher frequencies and thus this low sample rate is acceptable for this work. Two pressure transducers are connected to the test vessel, one at the top and one at the bottom, via 1.6 mm diameter sense tubes roughly 10 cm long. Signal distortion caused by the sense tubes was checked for by replacing one sense tube with 3.2 mm tubing and comparing the readings from the two transducers. The pressure transducers were also heated to prevent condensation and flashing of fluid on the diaphragm. See Visualization: An IDT Motion Pro X3 Plus was used for high speed imaging, at frame rates of 50-2500 Hz. Most tests used a 50mm Nikon lens with f/1,2, f/2.0, or f/2.8 while some used a 105mm Nikon lens with f/2.8. The video data are used to determine the initial liquid fill level. The camera is triggered using a digital signal from one of the data acquisition boards. Illumination is provided by back lights constructed using high power white LEDs (CREE XML-T6) mounted on an aluminum base. Regulated switching power supplies are used to power the back lights, as commercial constant-current LED drivers were found to cause flickering that became visible at high frame rates. Orifices: Many hybrid rockets using liquid N 2 O effectively contain a choked orifice as the injector because the chamber pressure is significantly below the tank pressure. The choking effect (also commonly referred to as critical flow in multiphase flow literature) makes the mass flow rate insensitive to the downstream pressure, and so a tank being drained through a choked orifice directly to the atmosphere has the same downstream boundary condition as an actual rocket propellant tank. For this work a set of orifices were purchased from O'Keefe Controls ranging in size from 0.201 to 3.048 mm diameter and press fit into stainless steel tubing. An example of the orifice dimensions are shown in figure 4 with details for all orifices in table 1. The orifices are located immediately downstream of the valve at the bottom of the test vessel and vent directly to the atmosphere.
Feed system: A simplified plumbing and instrumentation diagram is shown in figure 5 . The CO 2 is fed from the source cylinder into the test vessel using a piston pump (Sterling Pressure Systems, model PTF-400A). Most fluid handling is done with 1/4 in (6.35 mm) and 3/8 in (9.53 mm) stainless steel tubing, and flow control is achieved via pneumatically-actuated full-port ball valves. Two valves control flow into and out of the test vessel, one at the top and one at the bottom. The vessel is filled from the top and drained from the base. Care was taken in the design of the exit flow path in order to minimize pressure drop between the test vessel and the orifice entrance that might cause further flashing. For both vessels, this path begins with a well rounded entrance that constricts to a port bored in the aluminum plugs. This port matches the internal diameter of the tubing to which it connects, and from there the fluid enters a full port ball valve (4.83 mm for the quartz tube system, 7.04 mm for the flat glass gauge). Once it flows through the valve it then immediately encounters the orifice. The total length from the base of the tank to the orifice is 114 mm for both the quartz tube system and the flat glass gauge. This design required filling to be done from the top of the vessel, which is unlike most propellant tanks.
Temperature control: Several different strategies are used for achieving temperature control of the carbon dioxide. One involves heating or cooling the source cylinder by flowing heat transfer fluid through copper tubing wrapped around the cylinder. A second method uses a cross flow heat exchanger (NALCO, model 500-531062.88) placed downstream of the pump. To provide the hot or cold fluid, two recirculating water baths are used (Neslab model RTE-100, VWR model 1140) with a potassium formate solution heat transfer fluid (Dynalene HC-50) for both of these methods. Another simple way of cooling the CO 2 after it has been pumped into the test vessel is to vent from the ullage and cause the liquid to boil, converting heat into the enthalpy of vaporization. Venting vapor in this may is also an effective way of establishing a relatively uniform temperature profile within the tank, however it has a tendency to create a region of colder fluid at the base of the tank. In general it was often difficult to repeatably establish any specific temperature profile within the tank and as a result there is a large variety of temperature profiles presented in this work. However when two tests are compared care was taken to chose tests that had similar temperature profiles. Procedures: The general procedure for tests is as follows. All valves between the source cylinder and the test vessel are opened and the pump is used to fill the vessel to the desired level. In some cases when low temperature tests were being performed, the pump was not used to avoid the increase in fluid temperature it caused as a result of compression work. In those cases, the source cylinder was heated and the test vessel was periodically vented in short bursts, causing mass transfer due to both pressure differential and condensation. Once the desired temperature profile and fill level have been established, all valves are closed. Then, after the data acquisition system and camera are started the valve at the base of the test vessel is opened and the fluid begins to flow out the bottom of the test vessel through this valve and then out through the orifice to the atmosphere.
A. Quartz Tube Testing Apparatus
The pressure vessel is a custom manufactured thick walled quartz tube from Wilmad Labglass, shown in figure 6 . It has in internal diameter of 25.4 mm, a length of 387.4 mm, and an external diameter of 38.1 mm. This vessel was designed using probabilistic methods
12
such that at an internal pressure of 7 MPa it has a probability of failure of approximately 10 −4 . On either end identical aluminum plugs seal along the inside diameter of the tube, restricting the internal open length of the tube to 356.9 mm and a nominal volume of 0.1808 L (when the exit and entrance tubing volumes are included it grows to 0.1845 L). These aluminum plugs contain a central port with a rounded opening for fluid flow and four additional ports to allow thermocouple probes to be inserted into the interior of the tank. One of these four ports was left open and used as a sense tube for a pressure transducer. Passages were also drilled through the base of the aluminum plugs to allow for the flow of a heat transfer fluid, thereby heating or cooling the piece and enabling another method of temperature control. The six thermocouple probes in the vessel are spaced more closely near the top and bottom of the tank to get higher resolution in the regions where there might be higher temperature gradients. Tie rods connect the top and bottom end plugs. A still image from one of the tests is shown in figure 7 with relevant features identified.
B. Flat Glass Gauge Testing Apparatus
The flat glass gauge is an off-the-shelf component purchased from Pentair Penberthy (model 2TLC8), and is marketed as a visual liquid level gauge for pressurized tanks. It is made from a 316 stainless steel pipe with borosilicate glass windows on two opposite sides running nearly the full length of the gauge as shown in figure 6. Its internal cross section is not circular due to the slots cut for the windows however the average cross sectional area is 1,103 mm 2 giving an equivalent circular diameter of 49.0 mm. This area also varies with length because the window slots are not continuous. The nominal internal volume is 1.233 L, and 1.239 L when the entrance and exit tubing are accounted for.
The wall thickness varies but is approximately 12 mm, the internal length is 641 mm, and the vessel is rated by the manufacturer to 10.9 MPa at room temperature. The end connections are 1 in NPT and two custom plugs were manufactured to each allow the inclusion of five thermocouple probes and one pressure sense tube within the tank. The ten thermocouple probes are equally spaced within the tank while the sense The flat glass gauge will only be used briefly in this work for three primary reasons. First, the reduced window area makes visualization more difficult than in the quartz tube. Second, the increased size results in a lowered physical resolution in terms of the effective size of each pixel in the video data, making small features less identifiable. Third, the large thermal mass and high thermal diffusivity of the stainless steel when compared to the quartz makes temperature control nearly impossible. Therefore, the majority of this work will discuss results with the quartz tube while future studies will examine in greater detail how the results presented here may change with the size of the vessel.
IV. Basic Behavior
Typical results with the quartz tube system are presented here in order to a) explain basic features seen in the video, temperature, and pressure data, and b) provide a baseline for the later sections showing the effect of parameter variations. While this has been done in earlier works, advances in the experimental setup have produced new data that allow for a more detailed understanding of the physical processes. "Typical" is taken here to mean: ambient temperature (18.5°C), a fill level of 91%, and an orifice sized to drain the tank in 7.16 s (0.813 mm diameter).
A. Results
An image sequence from the high speed video from this test is shown in figure 9 and the pressure and temperature traces are shown in figure 10 . The non-uniform time spacing of the images in figure 9 was done in order to highlight the changing physical timescale of the test -in early times there are rapid changes in temperature, pressure, and the video data while in later times these changes are much slower. Nearly all the image sequences presented in this paper will be broken up in this way.
Examining the high speed video data, the first visible feature is the condensation of the vapor with a rapid transition from clear to opaque happening in less than 167 ms and caused by the formation of droplets in the vapor. These droplets make the ullage appear darkened because they reflect the light from the back light away from the camera. Later, bubble nucleation begins at the base of the tank (see the image at 0.17 s) and is followed by nucleation occurring throughout the liquid (0.50, 0.67 s). Similar to the droplets, these bubbles also appear dark because they reflect light away from the camera. The initial nucleation at the base of the tank is originating at many points on the surface of the aluminum end plug, and not in the ext flow tubing. Shortly afterwards, the liquid has become densely and uniformly populated with bubbles and appears to be a homogeneous two phase mixture (0.83, 1.00 s). Similarly, the condensation in the vapor has caused it to also become a homogeneous mixture. At this point the details become harder to distinguish as the entire tank appears dark, however the general situation remains unchanged for rest of the duration of the test: the liquid and vapor both remain fairly homogeneous mixtures and the liquid level drops as the tank is drained.
Examining the pressure trace in figure 10 , we can establish connections between the pressure and features seen in the video. The pressure trace begins with a sharp drop and recovery finishing around a time of 1 s, which corresponds to the time required for the vapor to condense and the liquid to become a homogeneous mixture. Then, the pressure drops in a nearly linear fashion until the tank has been drained of liquid at 7.16 s. This is the time during which the video shows the liquid and vapor maintained as homogeneous mixtures and the liquid level steadily dropping. The portion of the test after all liquid has left the tank is not shown. (a) Pressure time history. Only the data from one transducer is shown because there were no discernible differences between the two. Now the temperature data can be examined within the context of both the pressure data and video imagery. The thermocouples within the ullage (3 and 4) show a drop and recovery during the first 1 s similar to that seen in the pressure data, again corresponding to the transient bubble nucleation and condensation processes seen in the video. The thermocouples in the middle of the tank (5 and 10) show very little variation, while those nearest the base of the tank (9 and 8) show a drop and recovery that is similar in character but smaller in magnitude than that seen in the ullage. After this point however all of the thermocouples give nearly identical values that drop in a linear fashion similarly to how the pressure data behave. Unfortunately, due to bubble nucleation in the liquid and vapor condensation in the ullage both occurring on the thermocouple probes, the probe temperature is driven to the saturation temperature, which may be quite different from the bulk liquid or vapor temperatures. This phenomenon is discussed in detail in the appendix, but the key result is that the thermocouple data are likely inaccurate during much of the test and hence they will primarily be used to establish the initial temperature field, not show its evolution with time.
B. Discussion
In this section, some basic theoretical concepts will be used to develop and present a conceptual understanding of the physical processes underway in the tank and observed in the video, temperature, and pressure data. The ullage will be examined first followed by the liquid. The ideas discussed here will be revisited in later sections when parameter variations are introduced to understand which aspects are affected.
Ullage
We begin by examining the vapor condensation that was visible in the second frame of figure 9. Another set of images showing just the ullage volume in the first 250 ms of the test are shown in figure 11 . From this we can see the ullage vapor appears to condense in less than 17 ms beginning at a time of 83 ms. The recorded pressure during this period is shown in figure 12 .
A slight discontinuity in slope of the pressure is visible around 100 ms, coinciding with the vapor condensation. This change in slope can be understood by approximating the process that the ullage undergoes as an isentropic expansion and tracing it on a P v diagram, shown in figure 13. In the early times considered here, the process should be accurately approximated as an isentropic expansion but the quality of this assumption will no doubt decrease with time as heat and mass transfer occur between the ullage and the walls and liquid. Change in slope The ullage begins at point A where it is slightly superheated. As the liquid is drawn out of the tank the ullage expands isentropically and crosses the saturation line without condensing, becoming metastable and reaching point B. Thermodynamic metastability refers to non-equilibrium states that a fluid can attain when the activation energy needed for a phase transition is absent (such as superheated liquid or subcooled vapor). Here the vapor is subcooled by 0.6°C, measured as the difference in pressure between point B and a point on the equilibrium isentrope at the same specific volume, and then converted from pressure to temperature. At this point, the ullage suddenly condenses and travels to the equilibrium isentrope at point C before continuing to expand. This transition from the metastable to stable state corresponds to the change in pressure slope and the visual appearance of condensation around 100 ms.
To determine the validity of this proposed path, we can turn to classical homogeneous nucleation theory 13 to see if this metastable state is likely. This theory assumes that droplets nucleate only due to statistical thermodynamic fluctuations of energy within the vapor, and only when these fluctuations can overcome the work needed to form a droplet. This theory tends to under-predict the actual droplet production rates because it does not consider the catalytic effect that impurities, solid bodies, and existing droplets have. The droplet generation rate predicted by this theory can be calculated as:
Where r * is the critical radius and is the size at which the droplet is at thermodynamic equilibrium with the surrounding vapor:
The droplet nucleation rate is plotted as a function of both temperature and level of subcooling in figure  14 . The nucleation rate increases rapidly with temperature and precipitously with the level of subcooling. For the conditions here (T ∼ 17°C and ∆T s = 0.6°C), the predicted nucleation rate is O(10 18 ) Hz /m 3 . Ghiaasiaan 13 recommends as a rule of thumb that nucleation should be considered significant if it reaches O(10 17 − 10 22 ) Hz /m 3 , which corresponds well to the value calculated here. The strong dependence on the level of subcooling, combined with the uniformity of the condensation in the image sequence (figure 11) suggests that the temperature field within the ullage volume is uniform. This large nucleation rate produces significant interfacial area for heat and mass transfer to occur between the bulk vapor and liquid droplets. Once this area has been established, we do not expect that any significant level of subcooling could be maintained and hence an assumption of phase equilibrium within the ullage is valid. This is why the path from point C onward in figure 13 follows an equilibrium isentrope.
At later times, the ullage remains condensed but the vapor mass fraction varies across the length, as seen in figure 9 from t = 2.76 s onward. The ullage is more transparent closer to the liquid suggesting that the vapor mass fraction is lower here. This gradient is likely caused by heat and mass transfer from the liquid into the ullage. The boiling process produces saturated vapor that is transferred from the liquid to the ullage, which would produce a region of vapor in the ullage adjacent to the liquid level with a vapor mass fraction ∼ 1. As the pressure continues to drop this vapor will also condense, but the vapor near the top of the tank has been condensing since almost the start of the test and will have a lower vapor mass fraction. This vapor mass fraction gradient also indicates limited mixing within the ullage, making temperature gradients also quite possible. 
Liquid
The nucleation behavior observed in the liquid is heterogeneous rather than homogeneous and as a result this same theory cannot be directly applied to assess the bubble nucleation rate (homogeneous nucleation theory here predicts very low nucleation rates, < 1 Hz /m 3 ). Instead of forming in the bulk of the liquid, the bubbles appear to form on surfaces such as the walls of the quartz tube, thermocouple probes, and the aluminum end plug as seen in figure 9 . To get more information about the nucleation process, this experiment was repeated with a 105mm lens (a 50mm lens was used earlier) focused on thermocouple #5 in the upper part of the liquid. The resulting image sequence is shown in figure 15 along with the measured level of superheat. This is one instance where the thermocouple probes can provide valuable data because as long as little or no nucleation is observed and they report significant superheat, it is unlikely that bubble nucleation is distorting their readings (see the appendix for more detail). The values were compared with those predicted based on the measured pressure and an assumed isentropic expansion and found to be in good agreement up to t ∼ 0.6 s. Alternatively, a more conservative interpretation would be that the values of superheat measured are in reality a lower bound on the actual value, with the isentropic expansion as an upper bound.
The general location of the bubble nucleation within the tank can be predicted accurately with a knowledge of the initial temperature field and the surface materials. This initial temperature profile is shown in figure 16 and the liquid appears to be relatively uniform with the base of the tank somewhat cooler. With all other factors equal, nucleation will favor the regions with higher temperatures and hence higher saturation pressures as the system pressure drops. However, in this system the surface materials also play a significant role. While the base of the tank is colder, the machined aluminum of the end plug is much more conducive to bubble nucleation than the smooth quartz. Therefore as the pressure drops, bubbles nucleate first at the bottom of the tank before nucleating along the walls.
In general heterogeneous nucleation varies grossly based on the surface geometry, fluid, and other conditions and as such there are no widely accepted expressions to determine the generation rate. However, many sources of experimental data suggest that the nucleation rate behaves qualitatively similar to that for homogeneous nucleation: it is very low at small levels of superheat but increases rapidly as the superheat increases. This is illustrated in figure 17 , which shows both the nucleation site density and the bubble departure frequency as a function of the level of superheat. The departure frequency is defined as the rate at which bubbles depart from a single nucleation site. When compared to homogeneous nucleation, the nucleation site density is now an additional important parameter -for a large number of bubbles to nucleate both the departure frequency and nucleation site density must be sufficiently large.
As the superheat grows in figure 15 to 4.2°C, we cross the "knee" of the curve for the nucleation site density causing significant bubble nucleation to now begin and ∆T s begins to decrease. Once bubbles depart from the nucleation site, they grow and rise to the free surface, eventually giving up their volume of vapor to the ullage. Since bubbles generally nucleate at very small sizes, the growth process as they rise through the liquid is the primary mechanism for liquid-to-vapor mass transfer and is essentially a diffusion-limited process. It is controlled by the rate of heat conduction from the bulk liquid to the bubble surface where the liquid is vaporized. 16 A simple approximation for this growth rate that assumes a small thermal boundary 
Bubble Nucleation Frequency
For wall nucleation conditions, the nucleation frequency per site and the quantities which describes the system nucleation behavior. The cavity size distr should be characterized by that in the throat where the superheat and nuclea a maximum. Thus, the frequency in the throat will be determined and then us density. The latter will then be used for the balance of the nozzle.
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Where k is a shape factor of order 1 and Ja is the Jakob number:
Therefore the volume growth rate isV ∼ r 2 Ja √ α l t, which in turn implies that small bubbles contribute very little to the overall rate of vapor production. This represents an inherent time lag in the boiling process: as the superheat increases, eventually significant nucleation begins according to figure 17, but significant vapor production doesn't begin until either a very large number of bubbles are present or the bubbles have grown so that the r 2 term is not too small. This time lag is the fundamental cause for the pressure drop and subsequent recovery, which can alternatively be thought of as an overshoot similar to that displayed by an underdamped first order system given a step disturbance. In figure 18 , the images from later times (t = 1.88 → 7.16 s) in figure 9 have been reproduced with different pixel intensity levels. The lower 30% of the intensity range has now been mapped to the full gray scale, magnifying differences between dark pixels and causing light pixels to become saturated. This effect allows us to visualize the temporal and spatial uniformity of the liquid volume in terms of its bubble population. Due to the strong dependence of the nucleation rate on ∆T s , this can also be an indirect measurement of the temperature field.
The images in figure 18 show that the appearance of the liquid is uniform in space and time, suggesting that the temperature field and the bubble population are both relatively uniform. Due to the finite lifetime of the bubbles, new bubbles must be continually generated throughout the test and therefore if the appearance of the liquid is approximately constant with time (and we take this to mean that the bubble population is also roughly constant) the level of superheat is also a constant. This can be justified theoretically by considering a gross idealization of this system.
As the liquid drains out the net volume of the liquid in the tank will drop, which in turn causes the ullage to expand and the tank pressure to drop. Most models for mass flow through an orifice predictṁ orifice ∼ √ ∆P and since the pressure during the later times drops quite slowly, we can consider ∆P to be approximately constant and therefore thiṡ m orifice is also approximately constant. This constant pressure implies that there is sufficient mass transfer from the liquid into the vapor to make up for the rate of change of the liquid volume. Therefore, if the volume rate of change of the liquid is constant and the tank pressure is constant, the production rate of vapor via bubble nucleation and growth is constant and we expect the level of superheat to be constant. In reality of course none of these quantities are constant, but given that the pressure drops by only 29% during this time these general conclusions are likely first order accurate.
As these bubbles vaporize liquid, significant amounts of energy are absorbed by ∆h LV , which causes the liquid temperature to drop with time. If the superheat is approximately constant, this would imply that the pressure in the system is P = P sat (T l − ∆T s ) and therefore as the temperature drops the pressure will drop as well. The strong dependence of the saturation pressure on temperature means that for the pressure drop seen here (5.226 → 3.742 MPa) a temperature change of only 13.4°C is required.
Summary
We now summarize the physical processes within the tank and establish some nomenclature that will be used to describe tests presented in subsequent sections of this paper.
The early times of the test will be referred to as the "transient regime a ." Initially as the liquid begins to drain out of the tank the ullage rapidly expands, briefly becoming subcooled before condensing and establishing phase equilibrium and continuing its expansion. The liquid becomes significantly superheated and eventually begins to boil, generating a large population of bubbles in the liquid. As the bubble population grows in size and number the volume recompresses the tank, causing an increase in pressure.
The later times will be called the "steady state regime," during which the liquid and vapor remain largely unchanged in general character and composition. At this point the bubble population has reached an approximately constant value, with a balance between new bubbles being nucleated in the liquid and older bubbles reaching the free surface. This implies an approximately constant level of superheat and drives the transfer of heat and mass to the ullage, in turn establishing a region of pure vapor near the liquid level while the vapor throughout the ullage continues to condense. As energy is absorbed from the liquid to produce the phase change, the temperature of the liquid and the system pressure steadily drop.
V. Parameter Variations
In this section, the effect of parameter variations on the overall system dynamics as described in the previous section will be evaluated. The purpose is to help improve our understanding of self-pressurizing propellant tank dynamics and identify the features that would need to be included in a model. A key component of that process is knowing whether a model generated from one set of experimental data can be expected to predict results from experimental systems that have different parameters. The parameters studied here are: flow rate, fill level, initial temperature, initial bubble population, and vessel size.
These parameter variations are studied primarily via comparisons between two tests: a baseline and a test with a single parameter altered. Each subsection will focus on one of these comparisons and will present the pressure data, initial temperature fields, and still images from the high speed videos. Some discussion of these results is included to provide possible explanations for observed differences between tests.
To facilitate comparison of test data, we define normalized pressure and time such that pressure travels from 1 to 0 and time travels from 0 to 1 between the start and the liquid runout (LRO) point:
Other quantities of interest are the minimum pressure reached during the transient regime as well as the maximum pressure at the subsequente recovery. These quantities will be referred to as P min and P max with associated times t min and t max . Detailed data for each of the tests presented in this work are given in the appendix.
A. Flow Rate
The flow rate is varied by performing tests with different orifices. Here, two tests using the quartz tube system with different orifices (0.279, 1.321 mm) and test times (t LRO = 73.5, 3.0s) are compared. They will be referred to simply as the "slow" and "fast" tests. All other features of the two tests were matched, including the fill level (85%), mean initial temperature (10.1°C) and initial temperature profiles. The data from these two tests are shown in figures 19 to 23. Figure 19 shows the pressure traces and the normalized pressure traces are shown in figure 20 , while figure 21 shows the initial temperature profiles. Figures 22 and  23 show a comparison of the still image sequences from these two tests. Several frames are missing from the slow test in figure 23 because the camera was unable to record the full duration of the test due to its finite internal memory.
a the term regime is used to avoid confusion with other uses of "region" or "phase"
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We begin by examining the pressure traces in figure 19 . The fast test more closely resembles the data shown in earlier sections, while the slow test at first appears quite different. However upon detailed inspection the slow test still exhibits the basic features: pressure drop and recovery followed by a linear decrease. In this case however the linear portion is the vast majority of the test and the earlier features are difficult to distinguish. The slow test also clearly maintains a much higher pressure than the fast test, with a P LRO 0.650 MPa greater.
The similarity between the two tests in the normalized pressure trace in figure 20 is quite striking. The fast test clearly reaches a much lower pressure during the initial drop, and the early transient portion of the fast test is a much larger fraction of the entire test. This is also visible in figure 19 , where the duration of the transient portion of the slow test is four times longer than that of the fast test (t max = 1.918, 0.482 s), despite t LRO being 24 times longer. However the slopes of the two tests during the steady state portion of the test are quite similar. There are some slight fluctuations in the pressure data for the slow test. These were observed to coincide with nucleation beginning in a new region of the vessel. For example, the slight increase in pressure at t n = 0.40 occurred when some bubbles began to nucleate from the base of the vessel, visible in the t n = 0.39 image in figure 23 .
Looking at the image sequence for the early portion of the tests in 22, the slow test does not show many of the typical features shown earlier. The ullage does not condense, and the bubble nucleation within the liquid occurs gradually over the course of several frames (t n = 0.02 → 0.09). The fast test however does appear more similar to that shown in figure 9 . The ullage condenses and bubble nucleation in the liquid is rapid and spans nearly the entire length. A region of pure liquid is maintained at the very base of the tank until t n ∼ 0.39 as seen in figure 23 . This is likely caused by the low temperature at the base of the tank visible in the initial temperature profiles. Looking at later times in figure 23 , the slow test's behavior is unchanged while the fast test does reach the steady state portion of the test with the liquid and vapor appearing as somewhat homogeneous mixtures.
As mentioned earlier, the final pressure reached by the slow test is much higher than the fast test (P LRO = 3.530, 2.880 MPa). This can be explained using the theory presented earlier in section IV-B-2. At higher flow rates, there must be accordingly a much higher level of superheat in the liquid, and given the same liquid temperature the system pressure is reduced. It is difficult to predict the actual difference in superheats due to the complex relationship between bubble nucleation rates and ∆T s .
B. Fill Level
The fill level is easily varied by pumping different amounts of carbon dioxide into the test vessel. Here, two tests with different fill levels (91%, 72%) are compared. All other parameters of the two tests were matched, including the mean initial temperatures (18.5, 19.2°C), the initial temperature profiles, and orifice diameters (0.813 mm). The differing fill levels resulted in different test times for the two tests, t LRO = 7.16, 5.82 s for the 91% and 72% tests respectively. The data from these two tests are shown in figures 24 to 27. Figure 24 shows both pressure traces and the normalized pressure traces, while figure 25 shows the initial temperature profiles. Figures 26 and 27 show a comparison of the still image sequences from these two tests.
Beginning with the pressure traces in figure 24, several features are evident. The 91% test shows a more rapid initial drop in pressure and also reaches a lower pressure (P min = 4.906, 4.982MPa) before beginning to increase once again. It then peaks higher than the 72% test and at an earlier time (P max = 5.226, 5.146MPa, t max = 0.877, 1.071s). From this point on (t = 1.5s) however the two appear quite similar, with nearly identical slopes. The 91% test continues longer and reaches a lower ending pressure (P LRO = 3.742, 3.916MPa). When the normalized pressure traces are examined the differences in the later times (t n > 0.2) disappear completely. In the earlier times we see the two tests reach the same normalized minimum pressure, but the 91% test reaches it earlier (t n,min = 0.054, 0.087) and peaks to a higher value that occurs earlier as well (P n,max = 0.823, 0.751, t n,max = 0.112, 0.157).
Examining the image sequence from the early test times in figure 26 , we see features that correlate with the behavior of the pressure traces. Beginning with the ullage, the 72% test takes much longer to condense, with full condensation not appearing until t n = 0.05, compared to t n = 0.02 for the 91% test. Large scale bubble nucleation also takes much longer (t n = 0.12 vs t n = 0.07) and no bubbles are seen nucleating at the bottom of the tank in the 72% test.
In fact, when the later times image sequence is viewed ( figure 27 ) the 72% test maintains a region of pure liquid at the base of the tank until t n = 0.51, unlike the 91% test in which the entire liquid appears uniformly populated with bubbles by t n = 0.14. In the later times though the two test do appear much more similar than in the early times, especially after t n = 0.51. This connects with the behavior seen in the pressure traces, where the 91% test showed more rapid development and reached the steady state portion of test more quickly.
This can be explained with simple reasoning. During the early portion of the test as the liquid drains from the base of the vessel the ullage volume expands and the pressure drops according to its rate of volume expansion. In the 72% test the ullage is 3.1 times larger and so for the same flow rate out of the tank we would expect the pressure to drop to be much slower. Looking at just the first 100 ms to avoid any complications from condensation, the corresponding values are dP /dt = 3.65, 2.51MPa/s. If we assume a simple isentropic expansion, the 72% test's value of dP /dt should be a lower by a factor of 0.67, which matches well with the experimental value (0.69).
Also, the slower pressure drop results in a more gradual superheating of the liquid, allowing a more bubbles to nucleate and grow at low levels of superheat. This results in fewer nucleation sites being activated, directly resulting in a region of pure liquid at the base of the tank. This region of pure liquid may suggest that single phase liquid is exiting the tank in this case, while in the 91% test a two-phase mixture is exiting. Existing models and experimental evidence suggests that this will a significant effect on the flow rate through the orifice which one would expect to have a correspondingly significant effect on the overall system behavior.
17, 18
Interestingly however the behavior of the tests in terms of the pressure traces is quite similar.
One possibility is that the pressure drop between the base of the tank and the entrance of the orifice caused by the increasing flow velocity combined with frictional losses causes significant vapor production. If this vapor production were large enough, a small change in the vapor fraction at the base of the tank would have little effect on the vapor fraction at the entrance of the orifice. Therefore the flow rates in the two cases would be similar.
C. Temperature
The fluid temperature is controlled in a variety of ways as discussed earlier. Here, three different comparisons will be made. The first two involve shifting the mean initial temperature without altering the shape of the initial temperature profile. This will be presented as a comparison between tests at ambient temperature and elevated temperature, and then a second comparison between ambient temperature and reduced temperature. Lastly, the effect of changes in the shape of the initial temperature profile while maintaining its mean value will be discussed. Temperature can be expected to play a strong role in the system dynamics due to the proximity of the critical point (T c,N2O = 309.52K, T c,CO2 = 304.13K), which results in rapid changes in fluid properties as any state variable is adjusted.
Elevated Temperature
Here, two tests with similar temperature profiles but different mean temperatures (T i = 18.3, 24.1°C), hereafter referred to as "ambient" and "hot" tests for brevity, will be compared. All other parameters of the two tests were matched, including the fill levels (82, 81%), shape of the temperature profiles, and orifice diameters (0.818 mm). The differing temperatures and hence initial pressures resulted in different test times for the two tests, t LRO = 6.61, 6.21s for the ambient and hot tests respectively. The data from these two tests are shown in figures 28 to 31. Figure 28 shows both pressure traces and the normalized pressure traces, while figure 29 shows the initial temperature profiles. Figures 30 and 31 show a comparison of the still image sequences from these two tests.
Beginning with the pressure traces in figure 28 , the higher saturation pressure of the hot test has elevated the initial pressure by 0.69 MPa. The typical features are still present in this hot test including the pressure drop, recovery and the establishment of the steady state regime. The transient regime is a relatively shorter portion of the test however and the pressure drop is much smaller (P n,min = 0.349, 0.227), as is the recovery ([P n,max − P n,min ] = 0.089, 0.13). Nonetheless in the steady state regime the slopes of the linear portions of both the ambient and hot tests are nearly identical. The normalized pressure trace highlights this fact, showing that nearly all the differences between the two tests are restricted to the initial transient.
The still images from the early portion of the tests shown in figure 30 are quite striking. Both the condensation in the ullage and bubble nucleation in the liquid are quite different for the hot and ambient tests. In the hot test the condensation appears as an upward moving wave that never reaches the top of the tank, unlike the ambient test where the condensation is uniform in the ullage. Conversely, bubble
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The images from the later times shown in figure 31 show fewer differences, especially near the end of the test. This corroborates the features of the normalized pressure trace, where the two tests behave similarly after t n ∼ 0.25. It seems that in both cases the liquid and ullage have been established as homogeneous two phase mixtures.
Interestingly, both the liquid and ullage in the hot test appear darker than in the light test despite identical optical parameters (back light output, aperture, exposure time, sensor gain, lens, etc.). One possible explanation of this would be a reduced nucleation size, both for the droplets in the ullage and bubbles in the liquid. Smaller droplets and bubbles would be more effective at reflecting light away from the camera, rendering the images darker.
A decrease in droplet size can be predicted using the theory presented earlier in the relation given for the critical droplet radius (equation (2)), which is plotted versus temperature in figure 32. As the temperature increases, r * drops rapidly. For the liquid, the heterogeneous bubble nucleation size can be estimated as
This is also plotted versus temperature in figure 32 and shows a similar drop as temperature is increased. Therefore it is likely that in the hot test we are indeed seeing the formation of smaller bubbles and droplets.
The smaller pressure drop and recovery can also be predicted to a degree from theory. One relation proposed for calculating heterogeneous nucleation rates is The primary difficulty with this equation is that the term F relates to the contact angle and hence the specific geometry of an activation site, which is difficult to predict for practical systems and can vary from near 1 to 10 −7 . This in turn can change the resultant nucleation rate by tens of orders of magnitude. 20 However between the hot and ambient tests we might expect F to be similar enough that the primary variations in equation 7 will be caused by other terms' temperature dependence. This relation is plotted in figure 33 for F = 10 −3 . While specific values from figure 33 cannot be used quantitatively, the clear qualitative result is that an increase in temperature of only 5.8°C as present here between the ambient and hot tests would result in a massive increase in the bubble nucleation rate (O(10 100 ) at constant ∆T s ), and accordingly much higher vapor production at lower levels of superheat. The result is that the superheat reached during the hot test should be much lower and hence we can reasonably expect the drop and recovery in pressure during the transient regime to be much smaller in magnitude.
Reduced Temperature
While the previous section compared an ambient test with an elevated temperature test, here an ambient and reduced temperature test will be compared (T i = 16.2, −8.2°C). These two will be referred to as "ambient" and "cold" tests for brevity. All other parameters of the two tests were matched, including the shape of the temperature profiles, fill levels (83%), and orifice diameters (0.559 mm). The differing temperatures and hence initial pressures resulted in different test times for the two tests, t LRO = 14. The pressure traces in figure 34 are interesting because of the differences seen here compared to the earlier comparison between hot and ambient tests. In the normalized pressure trace, the cold test shows a larger drop and recovery yet the peak pressure achieved is similar to that of the ambient test. The time required for the drop and recovery is slightly less than that of the ambient test as well (t n,max = 0.115 vs 0.140). Additionally, the linear portion of the cold test shows more curvature than the ambient test.
One possible explanation for the curvature during the steady state regime is an increase in the amount of heat transferred into the CO 2 from the vessel walls caused by the lower fluid temperature. The slope in the steady state regime also appears to begin relatively straight before slowly increasing in curvature after t n ∼ 0.6. As the test progresses the liquid temperature is dropping and one would expect the heat transfer from the vessel walls to therefore increase with time. In addition the liquid volume's surface area-to-volume ratio would increase as well, contributing to the relative effects of wall heat transfer.
Further evidence that suggests that wall heat transfer is to blame can be found in a simplified model of self-pressurizing propellant tanks known as the equilibrium model. This model assumes that the liquid and vapor remain in phase equilibrium throughout the duration of the test. This model has shown to be inaccurate in predicting the exact pressure time history, but is qualitatively correct in several respects and can capture the trends caused by some parameter variations.
7
In figure 38 , an equilibrium model was used to assess the effect of varying amounts of wall heat transfer into the liquid. The conditions of the quartz tube test were used as an initial condition, and the wall heat transfer was varied from an adiabatic case up to 100 times greater than the nominal value predicted from free convection correlations. The results clearly show an increase in positive curvature as the wall heat transfer is increased, similar to that of the cold test in figure 34 .
Perhaps the largest difference between the two tests in the images shown in figures 36 and 37 is in the bubble sizes. The bubbles in the cold test are clearly much larger than those in the ambient test, both during the transient phase in figure 36 and the steady state linear phase in figure 37. This can be explained using the theory presented in the previous section.
Other than the bubble size, the two tests only show only minor differences, and these are restricted to the early times. The cold test shows no condensation in the ullage but has some boiling before the test begins. This is caused by heat transfer into the vessel from its surroundings, which was minimized by circulating cold heat transfer fluid through the aluminum end caps but could not be stopped completely. These preexisting bubbles may be a cause for the transient pressure drop and recovery of the cold test being similar to the ambient test, in contrast to the results of the hot/ambient comparison. This topic is covered in detail later in section D.
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American Institute of Aeronautics and Astronautics The effect of altering the shape of the initial temperature profile while maintaining its mean value is presented in this section. Three tests are compared: one baseline test with a fairly uniform initial temperature profile, one test where the ullage and upper part of the liquid is roughly 4°C warmer than the base of the tank, and a third where the very bottom of the tank has been cooled to roughly 5°C below the rest of the tank. See the initial temperature profiles in figure 39. For simplicity, these tests will be referred to as the "uniform", "top hot", and "bottom cold" tests respectively.
In each test, all factors other than the shape of the initial temperature profile were matched, however the process used to generate these profiles resulted in less control over the fill level and hence there is more variation (87%, 86%, 90% for uniform, top hot, and bottom cold) than in the previous comparisons between tests. This should not be a concern as the main goal of this section is to highlight different possible behaviors than to make specific direct quantitative comparisons. The three tests all used a 0.559 mm orifice and had test times of 14.64, 14.23, and 14.45 s respectively.
The data from these three tests are shown in figures 40 to 42. Figure 40 shows both pressure traces and the normalized pressure traces while figures 41 and 42 show a comparison of the still image sequences from these three tests.
The pressure traces in figure 40 show very interesting differences in behavior. All three tests have very similar slopes in the linear steady state region as well as end times, however the initial transients are quite distinct. The uniform test shows the typical behavior seen throughout this paper. The bottom cold test appears similar at first, however at t n ∼ 0. The image sequence from early times in figure 41 are also quite interesting. The baseline test resembles others, with rapid condensation in the ullage and bubble nucleation first at the base of the tank and later throughout. The top hot test has significant condensation and bubble nucleation, however the bubbles are limited to the upper ∼ 20% of the liquid. The bubble nucleation occurs extremely rapidly however and much faster than either the uniform or bottom cold tests. The bottom cold test also shows condensation and bubble nucleation, but now in the upper ∼ 60% of the liquid and on a timescale similar to the uniform test.
In the later times in figure 42 the three tests appear more similar. The bottom cold test shows a region of pure liquid at the base of the tank that disappears around t n ∼ 0.3, but other than that all three tests appear to have liquid and vapor that are homogeneous mixtures.
Basic theory can once again explain much of the behavior seen here. In the top hot test the temperature profile shows that the upper part of the liquid (thermocouple 5) is significantly warmer than the rest of the liquid. Therefore as the pressure drops, this region will become superheated and boil before the rest of the tank. Due to the large amount of bubble nucleation occurring in this region seen in the video data, it appears that the tank reaches a linear steady state regime with solely this upper part of the liquid boiling. Once the temperature in this region has dropped low enough to be similar to the liquid below it, the rest of the tank becomes superheated and bubbles begin to nucleate there. This is beginning at t n ∼ 0.14, where some bubbles can be seen rising from the base of the tank. This is a new transient regime being established, complete with a pressure recovery and second steady state linear region.
In the bottom cold test, the behavior can be understood as essentially the same, with relatively different amounts of the hot and cold liquid. In top hot test the hot part of the liquid was only 20%, but in the bottom cold test it is the majority.
D. Initial Bubble Population
An initial bubble population can be established in two primary ways: either venting the ullage until the liquid begins to boil or heating the liquid directly. In this section two tests are compared that have different initial bubble populations, one with few bubbles initially and a second with a large population established by venting the ullage. To be clear, the ullage was vented prior to the start of the test and not during the test. For simplicity these two tests will be referred to simply as "flat" and "bubbly."
All other parameters of the two tests were reasonably matched, including the fill levels (71%), mean initial temperatures (17.4, 19 .4°C), the initial temperature profiles, and orifice diameters (0.559 mm). While the temperature profiles were similar for these two tests, they were slightly different and resulted in different initial pressures and test times for the two tests, t LRO = 11.87, 11.93 for the flat and bubbly tests respectively. The data from these two tests are shown in figures 43 to 46. Figure 43 shows both pressure traces and the normalized pressure traces, while figure 44 shows the initial temperature profiles. Figures 45 and 46 show a comparison of the still image sequences from these two tests.
The pressure traces in figure 43 primarily show differences in the initial regime and not in the subsequent steady state regime. For the flat test a much larger pressure drop and recovery is evident (P n,min = 0.660, 0.771, P n,max = 0.729, 0.794) however once the steady state regime is entered the two appear quite similar.
The images from the early portion of the tests shown in figure 45 show significant differences. The existing bubbles are seen to grow immediately after the pressure drops, while bubbles are not seen in the flat test until t n ∼ 0.07. This results in the establishment of a uniform mixture much earlier than in the flat test, also evidenced by the pressure traces discussed previously. In the images from the later portion of the test (figure 46) the two appear quite similar.
The cause for this difference in behavior lies in the bubble nucleation process. In the flat test, a large number of bubbles are not present until the superheat builds to a relatively large value. However in the bubbly test, a population already exists and as the superheat begins to build these bubbles can respond by growing and expanding, thereby slowing the drop in pressure and increase in superheat. One unfortunate result of this study is exemplified by the first frame in figure 45 , where the bubbles are not yet visible in the bubbly test. Effectively this means that a key part of the initial condition (the presence of a large initial bubble population) is not discernible from the video data alone, and information about the filling history is also required, namely whether or not the ullage was vented enough to cause bubble nucleation.
E. Vessel size
The primary purpose of the flat glass gauge system is to evaluate scaling effects by doing comparisons with the quartz tube system. When compared with the quartz tube, it is approximately a factor of 1.9 larger in each dimension and has a volume 6.72 times larger. The primary differences in terms of recorded data Beginning with the video data, in the transient regime condensation of the vapor is similar between the two tests and occurs as an upward-moving wave like that of the hot test (figure 30) shown earlier. Bubble nucleation in the liquid is quite different however with bubbles nucleating uniformly along the entire length of the flat glass gauge at t n = 0.05, while the quartz tube test shows nucleation limited to the bottom during this time and significant nucleation on the walls not happening until t n ∼ 0.11. In the later times shown in figure 50 the same basic features are visible in both tests, however the flat glass gauge's liquid level appears substantially higher than that of the quartz tube. In addition while the ullage in the quartz tube appears to have condensed throughout the entire length by t n = 0.48, in the flat glass gauge this does not occur until t n = 0.65.
The pressures traces shown in figure 47 also show much similarity between the two vessels' results. Due to slight differences in the initial temperature and pressure and t LRO , the two are best compared using the normalized pressure histories. In the transient regime the pressure drops are nearly identical, while the quartz tube recovers to a lower pressure than the flat glass gauge (P n,max = 0.741, 0.759). The flat glass gauge pressure history recovers more quickly than the quartz tube (t n,max = 0.180, 0.218) as well. In the steady state region the slopes are similar, but the flat glass gauge's data show positive curvature while the quartz tube data shows none.
This curvature was also seen in the reduced temperature test's pressure trace (figure 34) and may be a result of heat transfer into the vessel. In this test the heat transfer rate was enlarged due the high thermal inertia and thermal diffusivity of the stainless steel relative to the quartz, while previously the increased temperature differential between the CO 2 and the ambient contributed.
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VI. Conclusions
In this paper a detailed description of the processes that occur inside a self-pressurized propellant tank has been presented. This description was derived from experimental data that were taken using two new test apparatuses that offer significant improvements over previous works. These systems are both pressure vessels with optical access that allow for visual identification of important features such as boiling, condensation, and liquid level motion. Other data include pressure measurements and an array of thermocouples that provided data on the initial temperature field within the vessel. Tests were performed using carbon dioxide as a simulant fluid for nitrous oxide.
Based on the experimental data, the blowdown of one of these vessels can be separated into two temporal regimes: a transient followed by a steady state. The transient portion begins with the ullage becoming slightly subcooled before undergoing homogeneous condensation and establishing a homogeneous two-phase mixture that continues to expand. In contrast, once the liquid becomes sufficiently superheated by the decreasing system pressure, heterogeneous nucleation begins on the vessel walls and not homogeneously within the bulk of the liquid. Bubbles are generated at these sites and break off, rising and growing in the bulk liquid until they reach the free surface. The inherent lag between the establishment of a sufficient level of superheat and the vapor generation from boiling accounts for the drop and recovery in pressure commonly observed during vessel blowdown. Eventually, a large and stable population of bubbles is formed in the liquid, balancing birth of new bubbles at wall nucleation sites and death of existing bubbles at the free surface, and transforming the liquid into a homogeneous two-phase mixture.
Once both the liquid and vapor have become these homogeneous mixtures, the system enters a steady state regime and the timescale of physical changes increases from ∼100 ms to ∼1 s. Boiling causes the continual generation of a layer of saturated vapor above the liquid level, which in turn produces a gradient of vapor mass fraction in the ullage. Continued boiling in the liquid absorbs energy via the phase change process and the liquid cools, lowering the saturation pressure and hence the overall system pressure. This boiling is relatively uniform with time and space and is driven by an approximately constant level of superheat in the liquid.
The effect of parameter variations on this description was also studied. The results are summarized below:
Flow Rate: The test time (t LRO ) was varied by a factor of 24 using different orifices. The transient regime only increased in length by 4 times and therefore was proportionally a much smaller part of the slow test. The fast test had a much larger pressure drop during the test as a result of the increased level of superheat that was needed to drive a higher level of vapor generation in the liquid.
Fill Level:
The fill level was varied by a factor of 3. This primarily affected the transient regime, increasing P min and decreasing P max due to the slower superheating of the liquid that allowed more bubble nucleation to take place at lower values of ∆T s .
Mean Initial Temperature: Tests at elevated and reduced temperature were presented. Increasing temperature decreased the bubble and droplet sizes and reduced the magnitude of the pressure drop and recovery in the transient regime, while decreasing the temperature had the opposite effect.
Temperature Stratification: Tests with different initial temperature fields were examined and found to have very different behavior. By establishing large regions of liquid at different temperatures, multiple transient and steady state regimes were found based on which portions of the liquid were currently boiling.
Initial Bubble Population:
The initial bubble population significantly affected the magnitude of the pressure drop and recovery in the transient regime. The existing bubbles were able to respond to the drop in pressure, expanding and decreasing the level of superheat reached.
Vessel Size: The vessel size was increased by a factor of 6.92 by using the two test apparatuses. No significant effects were found in the overall system behavior, while some effects of differences in vessel construction were detected including wall heat transfer and bubble nucleation locations.
The overarching goal of this work is to increase our understanding of self-pressurized propellant tank dynamics and enable the creation of an accurate and robust model. From this perspective we can make several comments. Most importantly, an accurate treatment of bubble dynamics is required in terms of nucleation, growth, motion, and death. Bubbles appear to have a significant impact on the overall system dynamics and hence only by accurately modeling their behavior will an overall system model be accurate. In contrast, the dynamics of condensation in the ullage do not need to be captured as accurately due to the rapid appearance of condensation and the low levels of subcooling.
The results also suggest that the assumption of a uniform liquid temperature is accurate at least in the steady state regime and in some cases also in the transient regime. This depends on the initial temperature field. The ullage however appears to have large gradients in vapor mass fraction and may also have temperature gradients as well. Therefore representing it by a single node with averaged properties may not be possible.
Perhaps equally important to both modelers and propulsion engineers is an accurate knowledge of the initial condition that they expect to be generated operationally. Much of this work has highlighted the large differences in pressure and video data generated by small differences in temperature, fill level, and initial bubble population. Therefore without a high level of either knowledge or control over the initial state of the tank, an accurate model will likely not be useful.
Future work will focus on confirming the applicability of these results to N 2 O systems by repeating some tests with nitrous oxide and performing more tests in the flat glass gauge to assess the effect of vessel size on some of these parametric variations.
Appendix A: Test Parameters
Various parameters from each test presented in this paper are given in tables 2 and 3. When submerged in liquid carbon dioxide, boiling can be clearly seen on the bead itself, as shown in figure 55 . A plot corresponding to figure 54 cannot be produced in this case because it occurred earlier in the test when there are expected to be rapid changes in the temperature. As a result of this behavior of the thermocouples to effectively read the saturation value, they are primarily used in this paper to determine the initial temperature profile, rather than the temperature time history during a test.
A second example of this behavior is given in figure 56 , where the data from the full array of thermocouples is shown for an entire test, including the time after t LRO . The thermocouples can be seen following the saturation line for varying amounts of time, each departing once its film of liquid CO 2 has fully evaporated. The thermocouples depart from saturation in order of height, with the top thermocouples (# 3 and 4) being the first and the bottom thermocouples (#9 and 8) being the last. The thermocouple data used in earlier works, where the probe was located in the exit tubing just downstream of the tank, closely resembles the data of the lower thermocouples here, suggesting that this behavior was prevalent in that earlier experimental system as well. Figure 56: Temperature histories from all 6 thermocouple probes during a test, including the time after liquid runout where only gas remains in the tank. The saturation temperature based on the measured pressure is also given.
